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Quantum structures with enhanced electric conductivity have been formed in a single-crystal silicon matrix. An array
of quantum filaments improves the collection of low-mobility charge carriers in the emitter structure of the c−Si(p, n)
photoconverter. Experimental results of applying radiation technologies for creation of that sort of structures are
presented.
PACS: 03.65.Pm, 03.65.Ge, 61.80.Mk
1. INTRODUCTION
The processes of radiation disordering of struc-
ture in c − Si materials are determined by the elec-
tronic subsystem excitation and the energy transfer
to lattice atoms for producing amorphous phases in
single crystal silicon. The disordering of structure on
its irradiation with ions is governed by the depen-
dence of inelastic (ionization) losses (dE/dx) on the
energy, mass and charge state of ions as well as on the
structural and thermophysical characteristics of the
material. The reason is that at inelastic processes
the melting covers the whole structure rather than
the area of separate atoms. For inelastic scattering
channels the ionization losses in the material are well
approximated by the Bethe-Bloch equation
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where A is the atomic number of the target, N is the
number of atoms in the unit volume, m is the ion
mass, v is the ion velocity, j is the ionization poten-
tial, e is the electron charge. A strong dependence
of (dE/dx) on the charge of the ion incident on the
target is observed. The multicharged ions give rise
to light and heavy uranium fission products with the
following averaged characteristics: masses 95± 2 and
138.5 ± 1.5 amu, energies 99 ± 1 and 67 ± 1MeV ,
initial velocities 1.41 ·109 and 0.97 · 109 cm/s and nu-
clear charges Zi = 38.6 and 53.4 charge units for light
and heavy fragments, respectively [1]. The crystal
structure is sputtered due to ionization losses of de-
celerated uranium fission fragments [2].
In the low energy range (∼ 100 keV ) it is the elas-
tic losses due to ion scattering by solid body atoms
that are dominant, while at high energies (several
tens of MeV ) inelastic processes prevail over nuclear
ones, and |dE/dx|e > |dE/dx|n. In inelastic interac-
tion of the ion with lattice electrons its motion gets
decelerated, though its trajectory remains unaffected.
But elastic collisions of the ion with atoms not only
substantially reduce the ion energy, but also may be
the reason for the change in the direction of its travel.
For high-speed ions of kinetic energy higher than
1MeV/nucleon the intensity of energy release to the
electronic subsystem is 103 to 104 times higher than
the energy release to the nuclear subsystem and can
make up a few MeV/µm. A high energy release to
the electronic subsystem increases the role of elec-
tron excitations in the generation of structure de-
fects for intense sputtering of material, and causes
local melting, amorphization, latent track formation,
shock wave generation and material damage. The
relaxation of strong electron excitations is the prin-
cipal parameter that is responsible for the nature of
track regions. With occurrence of high temperatures
in these domains the ”thermal wedge” model is used
to describe the track formation, while with charge ac-
cumulation in dielectric materials the mechanism of
”Coulomb explosion” is used for the description.
The energy dissipation by primary and secondary
electrons and the energy exchange through electron-
electron collisions takes place within 10−16...10−13 s.
The electron-phonon interaction occurs during a few
Debye periods 10−13...10−12 s. The velocity of energy
transmission for the two processes is given by(
dE
dt
)
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where ε is the value of the energy exceeding the en-
ergy of electron excitation, kB is the Boltzmann con-
stant, T is the temperature. The part of energy trans-
ferred in a time of collision (ε À kBT ) is greater at
the (e−− e−) interaction than at the (e−−ph) inter-
action.
The measure of stopping power of the material in
the interaction of fast electrons with a solid is the
energy loss by the fast particle over the unit path
−(dE/dx). In accordance with the Bohr theory, this
parameter is given by
−dE
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)
, (3)
where E and q are, respectively, the energy and
charge of electrons; n is the concentration of atomic
electrons in the material, J is the ionization potential
of the material (J = 13.5 ·Z, where Z is the effective
atomic number of the material).
The trajectory of electron motion is chaotic
in character and is markedly distinct from the
straight line. The energy release of ”hot” atoms oc-
curs in macrodefect nanostructures and the atoms
can attain the vaporization temperature, because
te−ph(T ) ∼ 1/Ne. To obtain an amorphous phase
in the (c − Si) structure, its cooling time must be
∼ 10−11 s. The rise in the temperature of atoms at
interstitial sites with a loss of long range ordering can
be provided by hydrogenation of the structure. The
crystal structure fragmentation by electrons presents
interest from the viewpoint of amorphous phase cre-
ation in the bulk of the crystalline matrix. Until re-
cently, the amorphous phase has been obtained only
on the crystal surface by the methods of silicone glow-
discharge decomposition, RF discharge sputtering of
the silicon structure, or chemical vapor deposition.
A combined radiation processing of c − Si ma-
terial by electrons and fission fragments of heavy
elements gives rise to the amorphous phase in a
single crystal structure. As a result of partial an-
nealing, a transport channel for charge carriers is
formed, which consists of randomly oriented micro-
and nano-crystallites with a developed network of
phase boundaries. At the boundaries, there arise
surface levels, which provide the energy band bend-
ing necessary for the formation of regions with an
increased concentration of p− or n−type charge
carriers in single crystal chains. The use of these
structures improves the collection of low-mobility
charge carriers (holes) from the emitter structure of
the c − Si photoconverter. The energy band dia-
grams of p− and n−type c − Si semiconductors are
shown in Fig.1 [3]. The mechanism of direct defect
production by particles (e−, γ, n0,238 U ions, 238U
photo-fission fragments) in the formation of nanodi-
mensional (a − Si) structures in the (c − Si) semi-
conductor bulk is realized during atomic displace-
ment from crystal lattice sites to the interstitial sites.
Fig.1.Energy band deformation in the region of la-
tent tracks in p− and n−type c− Si semiconductors
(a) and (b), respectively
The expression for the threshold displacement energy
(Ed) of the primary knocked-on atom (PKA) is writ-
ten as
Ed =
2(Emin + 2m0c2)
Mc2
· Emin , (4)
where m0 is the rest mass of electron, M is the nu-
clear mass of atom of the irradiated material, c is the
light velocity, Emin is the minimum energy of bom-
barding electrons.
For silicon, we have Ed = 12.9 eV at the minimum
energy of bombarding electrons Emin ∼ 140 keV . If
silicon is irradiated with electrons of energy up to
10MeV , there occur the processes showing an intense
energy exchange with crystal electrons (excitation of
electron shells and ionization of atoms, excitation of
oscillations in the crystal lattice). Specific electron
energy losses per unit length of the material in the
1 ≤ E0 ≤ 10MeV range are determined from the
following expression
1
ρ
∂E
∂x
=
2MeV
g/cm2
, (5)
where ρ is the density of the absorbing material.
In the case of silicon irradiation with electrons
of energy E0 ≥ 10MeV , elastic collisions become
to prevail over inelastic ones, and the energy trans-
ferred for atomic displacement increases; but as this
takes place, the differential scattering cross-section
decreases (see Fig.2). To make up for the decrease,
it is necessary to increase the irradiation dose by us-
ing the accelerators with the energy E0 ≥ 10MeV
and an intense electron beam. The threshold energy
for cascade atomic-displacement processes makes
Edr ∼ 5 keV , this corresponding to a bombarding
electron energy of ∼ 10MeV .
The crystal structure fragmentation presents in-
terest from the viewpoint of amorphous phase forma-
tion in the crystal matrix bulk, where a high energy
density level is required for crystal structure melting.
A high level of defect formation with introduction
of radiation processes makes it possible to reduce
substantially the energy losses in atomic bindings,
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this being necessary for producing amorphous phases
deeply in a single crystal silicon. The dislocation
model of boundary structure between the fragments
(see Table 1) points to the presence of a great number
of broken and unsaturated spin bonds of atoms.
Table 1.Classification of nanosystem objects
Phase state Diameter, nm Number
of atoms
Unit atoms 0.1 ... 0.3 1 ... 10
Clasters 0.3 ... 10 10...106
Nanoparticles 10 ... 100 106...109
Compact > 100 > 109
substunce
Under gamma irradiation (Eγ > 0.5MeV ), there
arise point defects, namely, vacancies and interstitial
atoms. The initiation of displacements as a result of
direct collisions of γ-quanta with the atoms is next
to improbable. As γ-quanta are absorbed, we can
observe the occurrence of the Compton effect, the
production of e−e+-pairs and the photoeffect. The
Compton effect cross section δp ∼ Z of the irradiated
material (Z defines the number of electrons involved
in scattering) is typical for the photons of energy
Eγ = (1...2)MeV . The Compton effect leads to
the appearance of sufficiently energetic electrons in
the whole crystal bulk, which are capable of caus-
ing displacements. The cross section for electron-
positron pair production δp ∼ Z2 increases from zero
at Eγ = 2m0c2 = 1.02MeV up to significant values
(δp ≈ 10...24 cm2) for the atoms with a mean Z value
at the γ-quantum energy Eγ = 5MeV . The photo-
effect is realized at Eγ < 1MeV in the interaction
with K-, L-, M -shells of substance atoms, resulting
in photoelectron production.
The cross section of K-electron emission (δ) is the
highest at Eγ equal to the K-electron energy, and
then monotonically decreases by the δ ∼ E law as
Eγ increases. A uniform production of point defects
in the crystal bulk specifies the main advantage of
γ-quantum irradiation over irradiation with an accel-
erated electron beam.
Under neutron irradiation of Si material, there
arise comparatively small amounts of vacancies ca-
pable of migrating over great distances. A local con-
centration of arising Frenkel (interstitial-vacancy)
pairs may be rather high even with due regard for
their annihilation. Divacancies localized in a small
volume are interacting between themselves without
moving away from each other too far. The diva-
cancy concentration in disordered regions can make
∼ 1020cm−3, but these regions being even ∼ 100 A˚
in size, remain crystalline. The change in the main
properties of Si semiconductors during their irradi-
ation with heavy particles in comparison with the
case of irradiation with gamma-quanta that are in-
capable of imparting high energy to the material
atoms, is to a great extent determined by complex
structural damages such as disordered regions. So,
at radiation processing of semiconducting crystalline
materials by high energy particles γ-quanta give rise
there to point defects only, while electrons of energy
E0 ≥ 10MeV , neutrons and ions give rise to disor-
dered structures at the expense of cascade processes
[2]. The process of direct defect production by 238U
fission fragments during formation of nanodimen-
sional (a− Si) structures in the bulk of the (c− Si)
semiconductor is realized through atomic displace-
ments from crystal lattice sites to the interstitial sites.
Fig.2. Differential cross section of energy transfer
for atomic displacement in the lattice of silicon
irradiated with electrons of energies 1 MeV (1)
and 10 MeV (2), and also to protons of the same
energies (curves 3 and 4, respectively)
The interaction of gamma-quanta with the nuclei
of substance results in the occurrence of nuclear reac-
tions accompanied by knocking-out of one or several
particles (neutrons, protons, etc.) and in the appear-
ance of residual nuclei, which are lighter than the nu-
clei of initial materials (transmutation method). Two
characteristic features of photonuclear reactions spec-
ify the possibility of doping the material by means of
gamma-radiation:
28
14Si(γp)
28
13Si(γ, n)→2813 Si→2713 Alβ+/4.1 s .
The first feature consists in the presence of the peak,
the so-called giant dipole resonance, in the effective
nuclear disintegration cross section (σ) as a function
of γ-quantum energy (Eγ). This peak is observed at
the γ-quantum energy lower than 30MeV , and its
resonance energy (Eres) decreases with an increasing
mass number of the nuclei A : Eres ≈ 75A−1/3MeV,
and Eγ ≈ 0.7Ee. The cross section (σ) value
at E = Eres makes ∼ 50mBarn for silicon.
These cross-section values appear sufficient for cre-
ating the required concentrations of impurity atoms
by irradiating materials with γ-quanta of energies
Eγ ∼ 15...30MeV . Electron accelerators with energy
up to 35MeV can be used as a γ-source.
The second peculiarity of photonuclear reactions
is that in the region of the dipole resonance there
predominate the reactions with knocking-out of only
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one nucleon (neutron or proton), the cross-section of
which is more than order of magnitude higher than
the cross sections of all the rest reaction channels.
Correspondingly, as a result of nuclear reactions at
γ-quantum energies between 15 and 30MeV , one can
observe mainly the residual nuclei, the mass numbers
of which are a unity less than the mass numbers of
the initial nuclei (A−1). The composition of the im-
purity introduced is presented in Table 2. The possi-
bilities of transmutation of Si < A1 > atoms in the
bulk of Si semiconductor as concerns the uniformity
of their distribution (∼ 3%) surpass all traditional
techniques of metallurgical alloying.
It can be seen from Table 2 that in silicon the
impurity Al (element of group III) arises, the atoms
of which form small acceptor levels in the forbidden
zone of Si semiconductor.
Table 2. Characteristics of photonuclear reactions in silicon
Type of reaction
(γ, n) (γ, p)
Isotope Content,
%
Threshold,
MeV
Reaction
products
Threshold,
MeV
Reaction products
28Si 92.2 17.18 27Si→27 Al
T1/2 = 4.2 s
11.58 27Al
29Si 4.7 8.48 28Si 12.33 28Al→28 Si
T1/2 = 2.31min
30Si 3.1 10.61 29Si 13.51 29Al→29 Si
T1/2 = 6.6min
The number of aluminum impurity atoms, NAl,
produced as a result of silicon irradiation with
bremsstrahlung quanta can be determined by the fol-
lowing expression
NAl = JeKtranst , (6)
where Je is the accelerated electron flux, Ktrans is
the transmutation coefficient equal to the probability
of impurity atom production calculated per incident
electron, t is the exposure time.
The transmutation coefficientKtrans is essentially
dependent on the electron energy, the target design
and on the exposure geometry, and is determined
from the expression
Ktrans ∼
∑
niA
4
3 , (7)
where ni is the i-th isotope concentration, A is the
mass number of Al atom.
Besides, it follows from Table 2 that among the
basic reaction products there exist unstable nuclei.
The radioactivity of silicon crystals is mainly speci-
fied by the 27Si14,28Al13,29Al13 nuclei with the half-
life period of no more than 10 min, and the time of
activity decay in these crystals will make a few hours.
Note that in the radiative capture of neutrons
(primary channel of nuclear reactions at neutron dop-
ing) residual nuclei with the mass numbers A+1 are
produced. It is these differences in the mass numbers
of final nuclei that determine different composition
of chemical impurities introduced into semiconductor
materials as the last ones are irradiated with neutrons
and γ-quanta.
The X-tomography can be used for the analysis of
the amorphous phase only on condition that the fol-
lowing defects are eliminated in the initial crystals.
• 1. Schottky defects - by annealing the crystal
at around its melting temperature (for silicon
Tmelt is 1420◦C).
• 2. Point defects - after elimination of Schot-
tky defects the annealing temperature must be
reduced down to intermediate values.
• 3. Dislocations - should be brought out to
the surface layer of the crystal on annealing
at about the melting temperature with the fol-
lowing etch removal of the surface layer and
neutralization of the remaining defects in the
process of hydrogenation.
In the presence of nonremovable defects, a ”halo” of
the amorphous phase is concealed in the lattice in the
range of Bragg angles.
The number of nuclear fission fragments Y intro-
duced into the Si semiconductor is given by the ex-
pression
Y =
1
2
nn
∫ Eγ,max
Eγ,th
2σ(Eγ)f(Eγ,max, Eγ)dEγ , (8)
where σ(Eγ) is the 238U fission cross section ver-
sus the γ-quantum energy Eγ , nn is the num-
ber of 238U nuclei per cm2, f(Eγ,max, Eγ) is the
transformed spectrum of bremsstrahlung γ-quanta,
Eγ,th = 5MeV is the threshold of the 238U photofis-
sion reaction, Eγ,max is the highest γ-quantum en-
ergy in the radiation spectrum; 1/2 is the coefficient
that takes into account the direction of nuclear frag-
ment emission, as in the photofission of 238U nuclei
in the giant resonance region the angular distribu-
tion of light and heavy fragments remains practically
isotropic; the factor 2 represents the number of nu-
clear fission fragments. The yield of fission products
from a uranium layer of thickness δ ∼ 1µg/cm2 is
equal to Y = 5.4 · 106 fragments · cm−2h−1 at a
γ-quantum energy corresponding to the highest elec-
tron energy on the converter, i.e., 12MeV .
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2. QUANTUM STRUCTURES IN THE
C − Si SEMICONDUCTOR BULK
The state of c − Si structures showing quantum
dimensional effects (variations in the occurrence
depth of quantum filaments and their resistivity)
is determined by condensation processes and the
level of structure fragmentation by high-energy elec-
trons. In the radiation zones of electron accelerators
KUT-1 (12MeV ), EPOS (26MeV ) with the cut-
off of electrons from the γ-quantum flux, but with
the uranium target inserted, or under irradiation
with γ-quanta and accompanied by electrons com-
ing from the converter and with the uranium tar-
get in the photon beam the energy isolation will
cease to increase thus providing the formation of
long quantum structures. With the cutoff of elec-
trons the depth of amorphous structures will be lim-
ited. The γ-quantum energy spectrum in the ra-
diation zone of the accelerator KUT-2 is shown in
Fig.3. The electric and structural characteristics
of quantum filaments are given in Figs.4 and 5.
Fig.3. gamma-quantum spectrum after electron
beam scanning at the accelerator KUT-1
For a detailed analysis of the radiation zone geom-
etry at the accelerator KUT-1, the Geant program
has been used to calculate the influence of the
particle scatterer, which is placed behind the con-
verter and at 1 mm ahead of the set of Si crystals.
Fig.4. Quantum structure formation at the electron
accelerator KUT-1
The secondary electrons are the sources of ra-
diation defects in the bulk of the c − Si crys-
tal that cause a rise in electrical resistivity.
With installation of the aluminum cutter of
electrons from the converter, a spectrum of
secondary electrons was obtained (see Fig.6).
Fig.5. Microphotograph of the cross section of the
(c − Si) semiconductor sample after its exposure to
uranium fission fragments at the electron accelerator
KUT-1 and a subsequent electrochemical etching
Fig.6. Secondary electron energy spectrum with
a 2 mm thick aluminum scatterer at the electron
accelerator KUT-1
To increase the length of conducting quantum fila-
ments in the c − Si crystal, it is necessary to re-
duce the energy losses by conduction electrons during
atomic structure melting due to additional atomic
bond breakings by electrons throughout the crystal
volume. Figure 7 shows the crystal surface condi-
tion after irradiation with 12 MeV electrons to a
dose of 6 ·1015e−/cm2 at a beam fluence of 2µA/cm2
and a subsequent electrochemical etching. The lat-
tice disordering ceases throughout the entire crys-
tal bulk as soon as electrons are removed, wholly
or partly, from the γ-quantum flux. However, this
will stop the increase in the energy isolation, and
the length of conducting quantum filaments will be
limited (see Fig.8). With reduction in the time of
conducting quantum structure production in a sin-
gle crystal silicon it is necessary that the uranium
photofission cross section should be increased at the
expense of increasing the γ-quantum energy. To in-
crease the quantum filament length in the c−Si crys-
tal matrix, it is essential to reduce the energy losses
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Fig.7. Atomic structure disordering by electrons on
the silicon surface
Fig.8. Sample resistance as a function of annealing
temperature. 1 - crystal entry side irradiated with
uranium fragments and electrons; 2 - crystal exit
side for electrons
in inelastic processes of energy transfer from ions
(uranium fragments) to crystal lattice atoms. Since
the formation of conducting single-crystal structures
occurs in amorphous phases produced during crystal
structure melting, the dissipation of the major por-
tion of energy transferred to the crystal bulk through
atomic (spin) bonds limits the depth of amorphous
phase formation. The atomic bonds break down in
the bulk during crystal irradiation with the electron
beam, and this leads to an increase in the energy
isolation, and as a consequence, to a growing length
of quantum filaments. The boundary conditions of
variable-length quantum filament production are de-
termined by the electron exposure dose. To increase
the uranium photofission cross-section (see Figs.9 and
10) due to increasing the γ-quantum energy and the
presence of electrons of energy ≤ 10MeV in the
γ-quantum flux (electrons causing the c − Si mate-
rial structure fragmentation), the 26MeV electron
accelerator ”EPOS” is used for amorphous structure
production operations. The resulting uranium nu-
clear fragments are divided into ”light” and ”heavy”
fragments of masses 95±2 and 138.5±1.5 amu, with
distribution widths 7.5 and 6.6 amu, respectively,
Fig.9. Energy dependence of uranium photofission
cross section in the giant resonance region
Fig.10. Total yields of 235U , 238U photofission
products versus uranium mass numbers A
and with different percentage yields (Y,%) of fission
products [4].
Fig.11. Difference between resistivities of two
samples versus annealing temperature. 1 - crystal
entry side irradiated with uranium fragments and
electrons; 2 - crystal exit side for electrons
As high-energy electrons and secondary particles of
photonuclear reactions come to initiate the cascade
processes of defect formation, the energy isolation
of atoms by conductivity electrons is created, this
providing the amorphous phase formation in the
(c − Si) crystal throughout its depth. The possi-
bility of point defect annealing in the silicon matrix
is provided by the process of matrix hydrogenation.
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Fig.12.Microphotographs of (c− Si) semiconductor
cuts before (a) and after (b, c) irradiation
On crystal structure annealing after the process of
hydrogenation at the temperature T = 100◦C to
125◦C conducting quantum filaments are introduced
throughout the all crystal depth. Depending on the
radiation dose, the filament density can satisfy the
principle of wave-corpuscle dualism described by the
de Broglie equation. Such a solution of the c − Si
crystal structure modification will make it possible to
increase both the diffusion length of minor photocur-
rent carriers and the efficiency of solar-to-electric en-
ergy photoconverters.
The c − Si crystal structure after its exposure
to electrons and uranium nuclear fission fragments
to a dose of 1800 Mrad (100 hours) at the elec-
tron accelerator ”EPOS” and a subsequent elec-
trochemical etching is shown in Fig.12. Figure 13
(a and b) illustrates the difference between the re-
sistivities of the sample irradiated with electrons,
gamma-quanta and uranium nuclear fission frag-
ments, and of the sample irradiated with elec-
trons and gamma-quanta versus the annealing tem-
perature. Irradiation runs were performed at the
Fig.13.Difference between resistivities of two sam-
ples versus annealing temperature. 1 - crystal entry
side irradiated with uranium fragments and electrons;
2 - crystal exit side for electrons
accelerator ”EPOS” to a dose of 3600 Mrad (200
hours). Quantum filaments show a considerably
higher electric conductivity than the c − Si crystal
matrix, therefore they can be used as contact chains
for collection of charge carriers at the photoconverter
electrodes.
3. THE CONCLUSION
The regions of quantum structures in the (c −
Si) semiconductor are formed owing to irradia-
tion of single-crystal silicon with electrons and 238U
photofission fragments, followed by hydrogenation
and annealing with the result that a charge-carrier
transport channel is built up from randomly ori-
ented micro- and nano-crystallites with a developed
network of phase boundaries. Two technological
processes must be carried out: 1 - to realize mul-
ticharged ion production on the basis of nuclear
photofission of uranium, 2 - to provide atomic bond
breakings in the Si structure to reduce dissipation of
energy released by multicharged ions to the crystal
bulk.
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МЕТОДИКА ФОРМИРОВАНИЯ НАНОРАЗМЕРНЫХ
АМОРФНО-МИКРОКРИСТАЛЛИЧЕСКИХ СТРУКТУР В
МОНОКРИСТАЛЛИЧЕСКОМ КРЕМНИИ ИЗЛУЧЕНИЕМ
А.Н. Довбня, В.П. Ефимов, А.С. Абызов, А.В. Рыбка, В.В. Закутин, Н.Г. Решетняк,
А.А. Блинкин, В.П. Ромасько
Сформированы в монокристаллической матрице кремния квантовые структуры с повышенной удель-
ной электрической проводимостью. Массив квантовых нитей улучшает выведение носителей заряда с
малой подвижностью из объема эмиттерной структуры c − Si(p, n)-фотопреобразователя. Приведены
экспериментальные результаты применения радиационных технологий для создания таких структур.
МЕТОДИКА ФОРМУВАННЯ НАНОРОЗМIРНИХ
АМОРФНО-МIКРОКРИСТАЛЕВИХ СТРУКТУР В МОНОКРИСТАЛIЧНОМУ
КРЕМНIЇ ВИПРОМIНЮВАННЯМ
А.М. Довбня, В.П. Ефiмов, А.С. Абизов, О.В. Рибка, В.В. Закутiн, Н.Г. Решетняк
А.А. Блiнкiн, В.П. Ромасько
Сформованi в монокристалiчнiй матрицi кремнiю квантовi структури з пiдвищеною питомою елек-
тричною провiднiстю. Масив квантових ниток покращує виведення носiїв заряду з малою рухливiстю з
об’єму емiтерної структури c−Si(p, n) -фотопреобразователя. Приведено експериментальнi результати
застосування радiацiйних технологiй для створення таких структур.
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